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Summary: Mesopause region winds have been measured by the low-frequency (LF) 
method at Collm until 2008. Since 2004, meteor radar (MR) measurements have been 
performed also. The LF and MR data set are combined to obtain a continuous time se-
ries of monthly zonal prevailing winds from 1979 through 2013 at about 90 km alti-
tude. It has been found that, on a monthly time scale, the difference between zonal 
prevailing winds measured by LF and MR are small. During the 35-yr time interval 
considered, the zonal winds show positive trends towards more westerly winds 
throughout the year except for spring. There is a tendency that in spring and summer 
the trends are changing from more positive to small or negative after 1995. There is a 
possible influence of the 11-year solar cycle, most visible during early summer and 
early winter, and the effect weakens during recent years. 
Zusammenfassung: Windmessungen in der Mesopausenregion wurden an der Außen-
stelle Collm der Universität Leipzig mit der Langwellenreflexionsmethode (low 
frequency, LF) bis 2008 durchgeführt. Seit 2004 wurden die Messungen durch Mes-
sungen mit Meteorradar (MR) ergänzt und schließlich ersetzt. Die LF- und MR-Daten 
werden zusammengesetzt um einen kontinuierlichen Datensatz des monatlichen zona-
len Windes von 1979 bis 2013 zu erhalten. Es zeigte sich, dass die Monatsmittel von 
LF- und MR-Windmessungen nur geringe Unterschiede aufweisen. Der Zonalwind 
weist während des ganzen Jahres, mit Ausnahme des Frühjahrs, einen positiven Trend 
zu stärker westwärts gerichtetem Wind hin auf. Es gibt Hinweise auf eine Änderung 
des Trends im Frühjahr und Sommer hin zu geringerem Trend bzw. einer leichten 
Trendumkehr ab 1995. Es ist ein möglicher Einfluss des 11-jährigen Sonnenflecken-
zyklus zu verzeichnen, der jedoch im Frühjahr und Sommer während des letzten sola-
ren Zyklus abgenommen hat. 
 
1 Introduction 
To analyze long-term trends and decadal and interannual variability of the meso-
sphere-lower thermosphere (MLT) region, meteor radar (MR) measurements applying 
Doppler measurements from meteor trail reflections, and spaced receiver (so called 
D1) measurements both applying medium frequency and low frequency (LF) radio 
waves, have successfully been applied. Earlier measurements with the LF and MR method 
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have been performed without height finding (e.g. Bremer at al., 1997), and the height has 
been attributed to the mean meteor or reflection height, respectively, which both are found to 
be about 90 km. 
Direct comparisons between LF and MR measurements, both without height finding, have 
been performed by Lysenko et al. (1972). They concluded that the resulting winds show gen-
eral agreement on average, but may differ at shorter time scales. Jacobi et al. (2009), however, 
have found large differences when analyzing hourly mean winds, and including height find-
ing. Similar differences have already been found earlier (e.g. Hocking and Thayaparan, 1997; 
Manson et al., 2004). One may conclude, that much of the bias between D1 and Doppler mea-
surements are height dependent and may cancel each other when wind measurements without 
height finding are considered. Of course, such an approach reduces the information on inter-
annual variability, because winds below and above 90 km altitude frequently show opposite 
interannual behavior (e.g. Jacobi and Ern, 2013). This is due to the filtering effect of gravity 
waves in the mesosphere, so that stronger mesospheric wind jets are connected with stronger 
vertical shear of zonal winds, so that interannual variability signature may reverse between 
about 80 and 100 km, so that in between, around 90 km, such kind of signatures are small. 
In the following, the monthly zonal prevailing winds over Collm, measured with an LF sys-
tem until 2008, and with a MR system since 2004, are compared and a combined time series 
is constructed. This time series is analyzed with respect to long-term linear trends, a possible 
solar cycle effect, and changes of linear trends. 
 
2 Measurements and data analysis 
2.1 Collm low-frequency zonal wind measurements 
At Collm Observatory (51.3°N, 13.0°E), MLT winds have been obtained by D1 LF 
radio wind measurements from 1979 to 2008 using the sky wave of three commercial 
radio transmitters. The data, measured at three individual reflection points in the lower 
ionospheric E-region, are combined to half-hourly zonal and meridional mean wind 
values, and attributed to a mean reflection point at 52°N, 15°E. Actually, measure-
ments have started in 1959 but not on 3 frequencies, so these data are not used here.  
A multiple regression analysis is used to determine the prevailing wind and the semi-
diurnal tidal wind assuming clockwise circularly polarized tidal. The method is applied 
to the monthly median half-hourly winds to calculate monthly mean parameters (Ja-
cobi and Kürschner, 2006). The data are attributed to the mean nighttime reflection 
height. Disregarding the diurnal tide may introduce a bias into the analysis of the mean 
winds, but this should not influence wind trends very much.  
During daytime the reflection height of LF radio waves strongly decreases, and espe-
cially in summer there are regular daily data gaps owing to absorption in the iono-
spheric D-region. Therefore only nighttime data are used in the analysis. This means 
that depending on season only 8 (July) to 14 (January) hours of data are available, 
which precludes including the diurnal tide into the regression analysis.  
 




Fig. 1: Histogram of monthly mean virtual LF heights 1983 – 2007. 
 
The virtual reflection heights h’ have been estimated since late 1982 using measured 
travel time differences between the separately received reflected sky wave and the 
ground wave (Kürschner and Schminder, 1986). This information is not directly used 
here, in order to avoid possible artifacts due to different analysis procedures before and 
after 1982. However, the monthly mean nighttime heights have been used to determine 
the monthly mean reflection heights for the years 1983 – 2006 (Fig. 1). Their mean 
and their median amount to 95.34 km and 95 km, respectively. Due to group 
retardation in the D region these virtual heights h’ exceed the real height by several 
km. Jacobi (2011) compared semidiurnal tidal phases measured by LF and MR and 
found that real heights h can be estimated from h’ using h = -6.73 + 1.53h’ – 
0.00546h’
2
 for h´ > 81 km, while below 81 km the differences are negligible. Applying 
this empirical formula to the virtual height distribution in Fig. 1, a mean real LF height 
of 89.5 km is estimated. 
2.2 SKiYMET meteor radar measurements 
The VHF SKiYMET meteor radar located at Collm has been in operation nearly con-
tinuously since July 2004. It measures winds, temperatures, and meteor parameters at 
altitudes between approximately 80 and 100 km. The radar uses the Doppler shift of 
the reflected radio wave from ionized meteor trails to obtain radial velocities along the 
line of sight of the radio wave.  
The radar operates at a frequency of 36.2 MHz and has an effective pulse repetition 
frequency of 536 Hz. The power is 6kW. The transmitting antenna is a 3-element Yagi 
with a sampling resolution of 1.87 ms and an angular and range resolution of about 2° 
and 2 km, respectively. The receiving interferometer consists of five 2-element Yagi 
antennas arranged as an asymmetric cross to allow determination of azimuth and ele-
vation angle from phase comparisons of the individual receiver antenna pairs. To-
gether with range measurements the meteor trail position is detected. The radar and the 
data collection procedure are described by Hocking et al. (2001) and Jacobi et al. 
(2005), and the background winds and tidal parameter are presented by Jacobi (2011). 




Fig. 2: Height distribution of registered meteors in the height range 80-100 km during 
2005-2013. Mean and median heights are 89.7 km and 89.5 km, respectively. 
 
The radar delivers half hourly mean horizontal wind values through projection of the 
horizontal half-hourly wind components to the individual radial winds under the as-
sumption that vertical winds are small. Meteors at altitude between 80 and 100 km are 
used here. Fig. 2 shows the height distribution and cumulative frequency of the regis-
tered meteors. One may see that the peak height is very close to the LF mean height. 
Mean and median heights are 89.7 km and 89.5 km, respectively. Therefore it appears 
reasonable to compare the mean winds with the LF winds calculated as described 
above. Note that the meteor radar standard analysis procedure delivers vertical profiles 
of wind parameters. Through the effective vertical averaging performed here there is a 
tendency of reducing especially solar tides owing to the vertical phase gradient, but the 
prevailing winds should be less affected. 
Monthly mean prevailing winds are calculated by a least squares fit of one month of 
half-hourly mean winds on model winds including the mean (prevailing) wind and the 
semidiurnal and diurnal tide.  
2.3 Combined time series 
The long-term mean monthly means of both LF and MR measurements are shown in 
Fig. 3. The seasonal cycles reproduce the known features from earlier measurements at 
Collm and other midlatitude sites (e.g. Bremer et al., 1997). Note that the long-term 
means in Fig. 3 refer to different time intervals of different length, so that only the 
overall features may be compared here. The error bars show standard deviations of the 
LF winds, while the interannual variability of the MR winds is indicated by greyshad-
ing that shows monthly maximum and minimum values during the 9 years of data. 
This procedure is chosen because of the comparatively small amount of data available 
so far. One can see that LF and MR data overlap within their ranges of variability. For 
the 2
nd
 half of the year, a tendency for slightly stronger MR winds compared to LF 
winds is visible. This, however, is owing to a long-term positive wind trend, which has 
already been registered both in the Collm LF winds, and in other midlatitude mea-
surements (e.g. Jacobi and Kürschner, 2006; Keuer et al., 2007), and does not neces-
sarily indicate a bias between the two time series. 




Fig. 3: Long-term mean seasonal cycles of MR and LF zonal wind. Error bars show 
LF wind standard deviation. Greyshading denotes maximum and minimum MR winds 
during the 9 years of observations. 
 
 
Fig. 4: Monthly mean zonal winds as measured by LF and MR during 2004 – 2008. In 
the lower part of the figure the MR – LF difference is shown as a solid line, as well as 
the integrated difference (dashed line). 
 
Between August 2004 and September 2008 the two systems had been operated in pa-
rallel. This provides the possibility of calibrating them against each other. In Fig. 4, the 
monthly means measured with both systems are shown. In the lower part, the differ-
ences and the accumulated differences are shown. One may note that the accumulated 
differences are small until 2006 and then increase, indicating a degradation of the LF 
system after that year. One may note that the seasonal amplitudes as measured by LF 
decrease, while this is not the case with the MR winds. Even before 2006, larger dif-
ferences are found during certain months, however, close inspection shows that there 
is no systematic seasonal cycle of these differences then. After 2006, however, espe-
cially the summer westerly winds are underestimated by the LF system. 
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Fig. 5 shows a scatter plot of LF vs. MR winds for 2 time intervals. The linear fit 
curve, with an offset of 1.6 ms
-1
 and a slope of 0.8 refers to the data until the end of 
2006. It can be seen that the mean bias is not very large and there is only a slight un-
derestimation of the winds by the LF method. After 2006 the bias increases. 
Portnyagin et al. (2004) have also noted relatively small differences between MR 
(Dopper) and D1 measurements. In contrast, analysis of hourly winds showed more 
substantial differences of up to a factor of 2 (Jacobi et al., 2009). Thus, the good cor-
respondence between LF and MR winds before 2007 is due to the fact that the bias in 
hourly winds, which mainly affect tides and large summer winds, mainly cancels out 
due to temporal and vertical averaging. 
 
Fig. 5: Monthly mean zonal winds as measured by LF vs. meteor radar zonal winds 
during two time intervals. The solid line indicates MR = LF. Linear regression 
(dashed line) is based on the data from 08/2004 – 12/2006. 
 
Fig. 6: Running standard deviations, each based on 37 months of zonal wind data. The 
time series is composed of LF winds until 07/2004, and radar winds later. The vertical 
line denotes the change from LF to MR, and the greyshading shows the time interval, 
when the values are influenced by data from both systems .The solid line is constructed 
from original data, while for the dashed line the LF winds have been modified ac-
cording to the regression shown in Fig. 5.  




The results from the linear fit shown in Fig. 5 have experimentally been used for cor-
recting the LF data set and a combined data set, consisting of LF winds until July 
2004, and MR winds from then on, was constructed. This procedure, however, leads to 
a too strong seasonal cycle before 2004, as can be seen, e.g., when the standard devia-
tion for 37-mon time intervals is plotted as a time series (Fig. 6, dashed line). One can 
see that the LF standard deviation then is much larger than the MR one and that there 
is a jump when the systems change. Jacobi et al. (2005) found from comparison of 2 
months of LF and MR data in 2004 that the two time series excellently agree without 
any fitting procedure. One may conclude that the differences, resulting in the slope of 
the regression line in Fig. 5, are only due to few outliers not representative for the en-
tire LF time series. Therefore, the recommended procedure is to use both LF and MR 
time series without any modification and to combine them to one long-term time se-
ries. When doing so, there is no indication of inhomogeneity of the combined time se-
ries (solid line in Fig. 6). 
 
3 Results and discussion 
3.1 Long-term mean trends 
The combined time series, consisting of monthly mean LF winds from 1979 through 
July 2004, and of MR winds from August 2004 through 2013, is shown in Fig. 7. The 
zero wind line is highlighted, and the change between the systems is indicated by a 
thick solid line. There is considerable interannual and decadal variability of the zonal 
winds during all months. Earlier analyses of the Collm LF time series have shown that 
there is a possible effect of the solar cycle (Jacobi and Kürschner, 2006), the equatorial 
stratospheric quasi-biennial oscillation (QBO, Jacobi et al., 1996), the Southern Oscil-
lation (SO), and the North Atlantic Oscillation (NAO) (Jacobi, 2009). Interannual va-
riability of the lower thermosphere, however, is connected with the one of the mesos-
phere through gravity wave–mean flow interaction. Stronger/weaker mesospheric 
winds, which are connected with larger/smaller gravity wave amplitudes, lead to 
stronger/weaker wind shear and consequently the lower thermospheric winds tend to 
be anticorrelated with the mesospheric ones (Jacobi and Ern, 2013). As a consequence, 
in the centre of the height range accessible to the MR, interannual variability of the 
mean winds tends to be smaller than at the upper and lower height gates, so that the 
signature of atmospheric circulation patterns like QBO, NAO and SO is not that 
clearly visible than it is the case at other altitudes. 
From visual inspection of Fig. 7, a positive trend is visible more or less throughout the 
year, except for spring. Three-monthly means for winter (December–February, DJF), 
spring (March–May, MAM), summer (June–August, JJA) and autumn (September– 
November, SON) are shown in Fig. 8. Linear trends are added. The trend coefficients 
and the respective correlation coefficients are given in Table 1. The trends are positive 
in all seasons, but not significant in spring.  




Fig. 7: Zonal prevailing winds 1979 – 2013 for each month of the year. The heavy 
solid line shows the change from LF to MR. The zero wind line is highlighted.  
 
Fig. 8: 3-monthly mean winds for 4 seasons winter (DJF), spring (MAM), summer 
(JJA) and autumn (SON). For DJF the year refers to the one of the respective January. 
Linear fit lines are added. For MAM and JJA, piecewise linear fits with the standard 
deviations of the breakpoint positions are added. 
 
Tab. 1: Trend coefficients and their standard errors and correlation coefficients, ob-













) 0.26  0.04 0.12  0.06 0.28  0.05 0.19  0.03 
Correlation coefficient 0.75 0.31 0.70 0.76 
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Earlier analyses of MLT winds have provided evidence for a possible break in trends 
(Jacobi et al., 2012). Therefore, possible breakpoints have been analyzed according to 
Liu et al. (2010), by minimizing the Bayesian Information Criterion (BIC), which 
takes into account residuals of the fit and the number of breakpoints. For autumn and 
winter, the most probable fit according to BIC is a straight line, but for spring and 
summer a piecewise fit with 3 and 1 breakpoints, respectively, turns out to be the most 
probable solution. One can see that there is a change of trends during the 2
nd
 half of the 
1990s, and some decadal variability in spring, which is visible during the 1980s and 
early 1990s. 
3.2 Solar cycle effect 
From Fig. 8 one may note a considerable quasi-decadal variability during some sea-
sons. So there are minima of spring winds in 1990 and 2002, when there were peak 
solar activities during solar cycles 22 and 23. Jacobi and Kürschner (2006) have al-
ready presented a possible solar cycle effect on LF winds, and found a negative effect 
in early summer and a positive effect in early winter. Thus, to investigate the solar ef-
fect using the longer time series available now, a multiple regression after  
Fcyrbav  ,     (1) 
with yr as the year and F as the F10.7 solar radio flux as a proxy for solar variability 
especially in the extreme ultraviolet, has been performed. This is the same approach as 
in Jacobi and Kürschner (2006), but they used the sunspot number instead of F10.7.  
In Figure 9 the spring and autumn time series from Figure 8 are shown again. The re-
constructed time series after Eq. 1 are also shown, as well as the F10.7 solar flux, cal-
culated as the average of the autumn and spring seasonal means. A clear solar cycle is 
visible, although there is a tendency that in spring the solar cycle effect has decreased 
during the last solar minimum. Actually, Jacobi and Ern (2013) have shown that dur-
ing the deep solar minimum the solar cycle effect at least for the summer season re-
verses, and since the last minimum has been extraordinarily deep and extended this 
effect may have been stronger during the last decade.  
The trend and solar cycle coefficients b and c from Eq. 1 for each month are shown in 
Fig. 10. The trend is positive throughout the year except for spring/early summer, 
when it is small and insignificant. The mean trend, averaged over the year, amounts to 




. Note, however, that a uniform trend throughout the year cannot 
be expected. The winter westerlies (see Fig. 3) represent the upper part of the meso-
spheric westerly wind jet, while the summer westerlies show the lower thermospheric 
wind jet above the mesospheric summer easterlies. Since the summer westerlies are 
owing to gravity wave mean flow interaction, and gravity wave amplitudes have in-
creased during the last decades connected with a stronger mesospheric wind jet 
(Hoffmann et al., 2011), the positive summer trend effect seen in Fig. 9 actually is the 
signature of a negative effect (towards stronger easterly winds) in the mesosphere. 
During spring, the mesospheric easterlies partly extend to the lower thermosphere, 
which can be seen in the small or negative winds in Fig. 3 (see also Jacobi, 2011, for 
example). Also in autumn, during a short time interval the winds may reverse, but 
typically at time scales below one month. Thus, the seasonal distribution of the trend 
coefficients indicates that both the winter and the summer mesospheric jets became 
stronger during recent years. This finding differs from the trends observed by Bremer 
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at al. (1997) using earlier data dating back to the 1960s. This may indicate a possible 
change of long-term trends in the 1970s, which is also shown by Jacobi et al. (2012). 
Regarding the solar cycle effect, there is a clear seasonal variation with negative val-
ues in spring/early summer and positive values in autumn/early winter. This indicates 
that both during summer and winter the mesospheric wind jets strengthen during solar 
maximum. During summer this is not seen in the lower thermosphere because this is 
partly compensated by a gravity wave effect in the opposite direction, owing to a me-
chanism similar to the one described above for the prevailing wind. During midwinter 
the solar signature is small, because the wind field is strongly disturbed by planetary 
waves and sudden stratospheric warmings that strongly influence the MLT wind field 
(Hoffmann et al., 2002). 
 
Fig. 9: 3-monthly mean winds for spring (MAM) and autumn (SON). Reconstructed 
data from a linear regression including trend and solar cycle after Eq. 1 are added. In 
the lower part F10.7 solar flux values are shown. 
 
Fig. 10: Coefficients b (trend) and c (solar effect) from Eq. 1 for each month of the 
year. All years from 1979 – 2013 are used. 
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3.3 Possible changes of trends 
Having a look at the time series in Figs. 7 and 8 one may recognize a tendency for a 
decreasing trend during the last decade. Such a tendency has already been noted by Ja-
cobi et al. (2012) applying piecewise linear trend analysis, from the LF time series 
alone. In addition, Jacobi et al. (2006) did not find negative spring trends when ana-
lyzing the solar effect from the LF time series until 2004. Regarding the solar cycle 
effect in summer, Jacobi and Ern (2013) already noted that during solar minimum the 
solar effect on the zonal wind is reversed, probably due to gravity wave-mean flow 
interaction changes. Since the recent solar minimum was extraordinarily deep, there is 
a tendency of decreasing overall solar effect to be expected. 
 




 for each month of the year and for different 
22 yr time intervals centered on the years given on the abscissa. Significant values at 
the 95% level according to a t-test are hatched. The zero trend line is highlighted.  
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In Figs 11 and 12, the coefficients b and c from Eq. 1 are presented, but for a running 
22 year window that was shifted by one year, while the time on the abscissa indicates 
the centre of the window. One can see the clear decrease of linear trend coefficients in 
spring and summer. During winter, the change of trends appears small or absent, al-
though the significance level of the trends decreases as well. The negative solar cycle 
effect in spring/summer clearly decreases with time, during July it even reverses, al-
though the trends are not significant then. During autumn/winter there is no clear 
change of the solar effect with time. 
 
4 Conclusions 
The comparison of the monthly mean zonal prevailing wind time series, based on both 
LF and MR observations at Collm, have shown that at about 90 km altitude both sys-
tem have registered the same winds and there is no obvious bias between the time se-
ries. This is a result similar to the one by Lysenko et al. (1972) or Portnyagin et al. 
(2004) who found small differences between Doppler and D1 winds on a monthly 
scale. However, this good correspondence between the two data sets is only valid on a 
monthly scale and when both data sets are analyzed without including the height in-
formation. While this approach of course reduces the information content of the data 
set, a longer and homogeneous time series of zonal winds can be obtained. 
The monthly mean zonal prevailing winds show positive, i.e. directed towards more 
westerly winds, trends throughout the year except for spring. This is similar to earlier 
findings (Jacobi and Kürschner, 2006, Jacobi et al., 2012) of analyses including data 
sets since the late 1970s, but in contradiction to results from earlier analyses that in-
clude the 1960s (Bremer et al., 1997). This indicates that the observed long-term 
trends are changing. Indeed, also in the time series analyzed here there is a tendency 
that the trends are changing in spring and summer from more positive to small or neg-
ative trends after 1995. This break may be connected with the change of ozone trend 
around that time, which influences the temperature structure of the middle atmosphere 
(see, e.g., Beig, 2011, for an overview). 
There is a possible influence of the 11-year solar cycle, most visible during early 
summer and early winter. Except for very early analyses (Greisiger et al., 1987), ear-
lier results for European stations (Bremer et al., 1997) show similar tendencies, 
namely a negative effect in spring/early summer and a positive effect in early winter, 
which indicates that both winter and summer mesospheric jets are stronger during so-
lar maximum. This has also been shown by numerical modeling (Schmidt et al., 2006). 
There is a tendency that the solar effect weakens and in summer partly reverses during 
recent years, i.e. during the deep solar minimum 23/24. Jacobi and Ern (2013) have 
shown that this is probably due to changes of the height of maximum gravity wave-
mean flow interaction, so that measurements without height finding may observe dif-
ferent parts of the wind systems during solar maximum and solar minimum. This is a 
disadvantage of the approach chosen here, and future analyses should include the 
height information of the LF winds. This, however, is only available since 1983, and 
also requires more detailed analysis of the possible underestimation of winds by the 
LF method (Jacobi et al., 2009). 
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The results presented here only include the zonal wind component. Jacobi et al. (2009) 
have shown that the meridional component as measured by D1 measurements differ 
more strongly from the Doppler winds than the zonal component does. The reason for 
this is still unclear, and it means that the construction of a meridional wind time series 
requires more detailed analysis of possible biases, even, if measurements without 
height information are considered. 
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